Introduction
Bennettitales are an extinct group of seed plants with superficially cycad-like foliage. They are distinguished from Cycadales by their compact, flower-like, reproductive organs (Taylor et al. 2009 ) and the key apomorphy of syndetocheilic (brachyparacytic) as opposed to haplocheilic stomata (Thomas and Bancroft 1913; Florin 1933) . Bennettitales appeared in the early Mesozoic, although their origins remain ambiguous. The oldest occurrences of the order based on fossil reproductive structures are from Carnian strata of the Alps and South Africa (Crane 1985 (Crane , 1988 Anderson and Anderson 2003; Pott 2014b; Pott et al. 2010a Pott et al. , 2017 , although specimens documented in this study indicate an earlier origin. Pinnate leaves with oblong-linear, parallel-veined segments of cycadalean or bennettitalean aspect occur in various late Palaeozoic and Early to Middle Triassic fossil assemblages (Taylor et al. 2009 ). However, bennettitalean affinities have not been confirmed for any of these leaves by cuticular details (Pott et al. 2010b) . Bennettitales died out in most parts of the world by the end of the Cretaceous (Watson and Sincock 1992; Anderson et al. 1999; This article is a contribution to the special issue "Jurassic biodiversity and terrestrial environments" et al. 2010a, 2014) , although at least one taxon appears to have persisted in high-latitude refugia of Tasmania and eastern Australia until the Oligocene .
Two major families are traditionally recognised within Bennettitales (although Anderson et al. (2007) recognised seven families): Cycadeoidaceae and Williamsoniaceae. The latter family is most likely paraphyletic incorporating several fossil-taxa that may not be closely related (Pott 2014a) . Current systematic treatments separate the two major families mainly on overall growth form and architecture of the reproductive structures. Cycadeoidaceae had bisexual reproductive organs that were embedded deeply among persistent leaf bases on short, stout, rarely branched stems. In some cases, the flower-like structures of these plants may never have opened fully and perhaps underwent selfpollination (Delevoryas 1968) . In contrast, Williamsoniaceae produced either bisexual or separate male and female reproductive organs that were exposed in branch axils on divaricating, thin-branched, shrubby plants (Pott 2014a; Pott and McLoughlin 2014) . Williamsoniaceae may have arisen earlier than Cycadeoidaceae (Crane 1985; Pott et al. 2007b Pott et al. , 2010a Pott et al. , 2017 Pott 2014b Pott , 2016 . The latter appears to be a derived group restricted to western Laurasia (Wieland 1916; Watson and Sincock 1992) , although perhaps extending to the Tethyan margin of northern Gondwana (Sahni 1932) . Assignment of these groups to a single order is based primarily on the syndetocheilic stomata on leaves and similar architecture of the foliage and bisexual flowers of some members of both groups.
The first reproductive organs of Bennettitales were recorded and summarised by Williamson (1870) and Carruthers (1870) from the Jurassic of Yorkshire and the Jurassic and Cretaceous of the Isles of Wight and Portland. Carruthers (1870) assigned the fossils to the families (tribus) Williamsonieae and Bennettiteae, being the first to recognise their distinct differences from cycads. However, it took more than 20 years until Engler (1892) established the order Bennettitales as distinct from Cycadales. Carruthers (1870) was also the first to recognise the striking differences in reproductive organ arrangement and stem architecture between Cycadeoidaceae and Williamsoniaceae. These details were later refined by Nathorst (1888) . The Yorkshire material was represented only by compressions, whereas the material from the south coast of England included permineralized axes and reproductive structures.
Permineralized examples of axes with embedded cones (of cycadeoidacean nature) from Europe were initially studied by Carruthers (1870) , Solms-Laubach (1891), Raciborski (1893) and Lignier (1894) , whereas similar stems and cones from North America have been analysed extensively by Wieland (1906 Wieland ( , 1916 and later by Delevoryas (1963 Delevoryas ( , 1968 and Crepet (1972 Crepet ( , 1974 . Detached permineralized cones (usually assigned to Williamsoniaceae) are less common and were initially studied by Wieland (1909 Wieland ( , 1911 with re-analysis by Delevoryas and Gould (1973) . Watson and Sincock (1992) and Watson and Lydon (2004) studied and revised in detail the cycadeoidacean trunk genera with embedded cones from northwestern Europe, and later Rothwell and Stockey (2002) and Stockey and Rothwell (2003) studied isolated permineralized specimens of both families from North America and reevaluated characters for phylogenetic placement of the fossils (See Pott and Axsmith 2015) . Permineralized material from India and Japan have also been studied over a long period, beginning with the works of Sahni (1932) and Sahni and Rao (1934) , up to the detailed analyses of Bose (1966 Bose ( , 1968 , Sharma (1970 Sharma ( , 1973 Sharma ( , 1975 Sharma ( , 1977 , Bose et al. (1984) and Saiki and Yoshida (1999) . Anatomical studies have been supplemented by numerous analyses of epidermal features of compression fossils (e.g. Nathorst 1902; Harris 1932 Harris , 1969 Watson and Sincock 1992; Pedersen et al. 1989; Schweitzer and Kirchner 2003; Pott et al. 2007a Pott et al. , b, 2010a Pott et al. , 2016 Pott et al. , 2017 Pott and McLoughlin 2009; Pott 2014a Pott , 2016 . However, a large number of bennettitalean remains are preserved as impressions that lack anatomical or micromorphological details.
Bennettitales have been the focus of renewed interest in recent years owing to their potentially important role in understanding the relationships of Gnetales and angiosperms to other seed plants. In several analyses based on morphological characters, Bennettitales are placed with angiosperms, Gnetales, and, in some cases, with the extinct Erdtmanithecales and Pentoxylales in a monophyletic group termed the anthophytes (Crane 1985; Hilton and Bateman 2006; Friis et al. 2007 Friis et al. , 2009 ). However, the anthophyte concept is not universally accepted and there is currently no consensus regarding interrelationships among the various groups of extant and extinct seed plants (Donoghue and Doyle 2000; Doyle 2006; Rothwell et al. 2009; Crepet and Stevenson 2010) . Moreover, other analyses, especially those incorporating molecular data, do not find strong support for an anthophyte clade (Mathews 2009; Rothwell et al. 2009 ). Major problems with attempts to resolve seed plant phylogeny relate to inadequate knowledge of the many extinct groups; thus, many fossil taxa included in morphology-based analyses are in urgent need of re-evaluation using modern techniques. Controversies remain about the homology of key bennettitalean reproductive characters (Friis et al. 2007; Rothwell et al. 2009; Pott 2016) . Alternative relationships with Cycadales have even been suggested recently for Bennettitales (e.g. Crepet and Stephenson 2010) , reprising an old hypothesis based on superficial similarities between the leaves of these groups (e.g. Wieland 1906 Wieland , 1916 .
Bennettitopsid foliage is abundant and widespread in Australian mid-Mesozoic continental strata (Gould 1975; Hill et al. 1999; McLoughlin and McNamara 2001) , and numerous taxa have been identified and described (Douglas 1969; Tidwell et al. 1987; McLoughlin 1996; Pole and Douglas 1999; McLoughlin et al. 2002; McLoughlin and Pott 2009) . Australia is notable for hosting some of the oldest (mid-Triassic) and youngest (Oligocene) fossil representatives of this group (Holmes and Anderson 2008; McLoughlin et al. 2011) . Bennettitales-like monosulcate pollen, generally attributed to Cycadopites, is also a common background (but rarely dominant) component of many Australian mid-Mesozoic palynoassemblages (Burger 1980 (Burger , 1994 . However, it remains difficult to distinguish between the dispersed pollen of Bennettitales, Cycadales and Ginkgoales (Balme 1995) ; hence, palynology cannot provide a clear signal of bennettitalean diversity and abundance in the Australian fossil record. In contrast, there have been few reports and no formal descriptions of fossil benettitopsid reproductive organs from that continent. This study aims to document the distribution and diversity of fossil bennettitalean reproductive organs in Australian sedimentary basins, describe their range of preservational states, evaluate their potential for contributing anatomical characters for phylogenetic analyses and assess whether such remains are genuinely scarce in that continent's stratigraphic record. We evaluate potential reasons for their apparent scarcity and assess the implications for bennettitopsid palaeoecology.
Material and methods
We undertook surveys of the Mesozoic fossil plant collections held in the major state museums and geological surveys of Australia. The first author also carried out field investigations and sampling over the past three decades at several localities where fossil bennettitalean foliage is abundantly represented (viz., Boola Boola Forest, Victoria; Nymboida, New South Wales; Durikai, Dinmore and the Esk Trough, Queensland; and Gingin and Broome, Western Australia). We also compared the Australian fossils with bennettitalean fertile organs held in the collections of the Geological Survey of India (Calcutta), the Birbal Sahni Institute of Palaeobotany (Lucknow), the Swedish Museum of Natural History (Stockholm), the Shandong Tianyu Museum of Natural History (Pingyi), the Museum of Natural History (Vienna) and the Geological Survey of Austria (Vienna) in order to evaluate whether taxa were shared across large geographic distances.
Material illustrated in this study is stored in various institutions according to the following prefixes: QM-Queensland Museum, UQF-University of Queensland and GSQGeological Survey of Queensland collections all housed in the Queensland Museum, Brisbane; GA-Geoscience Australia, Canberra; and NRM-Swedish Museum of Natural History, Stockholm. Most of the specimens illustrated in this study were collected by staff of the Queensland Museum, University of Queensland and Geoscience Australia over the past century during regional geological mapping programs or palaeobotanical investigations specifically targeting plant-rich or coal-bearing strata. QMF58844 was found by private collector Robert Knezour, Ipswich, Queensland, and donated to the Queensland Museum. Several additional dispersed bracts were collected by the authors from the Marburg Subgroup at Durikai, Queensland, in 1990 and 2014. Specimens were photographed using a polarising filter under strong unilateral low-angle light from the upper left to accentuate surface ornamentation, and in some cases, a secondary light from the middle right was used to eliminate strong shadows. Replicas of some specimens were obtained by preparing latex or dental polymer (hydrophilic vinyl polysiloxane) casts from natural moulds. The casts were photographed with a Zeiss Stemi SV 11 microscope or dissected, mounted on aluminium stubs, coated with gold and studied with a Hitachi S-4300 field emission scanning electron microscope at the Swedish Museum of Natural History.
Terminology
We follow the descriptive terminology of Watson and Sincock (1992) , Pott et al. (2010a) and Pott (2014a) for bennettitalean morphology. We use the terms 'flower' to refer to the cupshaped reproductive structures of bennettitaleans, and 'perianth' for the ring of bracts or scale leaves (involucrum) forming the outer part of these structures. The use of the term 'flower' for bennettitalean reproductive structures extends back to the 1800s (e.g. in the pioneering work of Wieland 1899) and has been used extensively in recent reviews of the group (Watson and Sincock 1992; Pott et al. 2010a; Pott 2014a) . We employ the terms 'receptacle' for the central tissue on which the ovules are inserted, and 'gynoecium' for the receptacle and its attached ovules and interseminal scales. However, we do not imply homology of these structures with homonymous features in the reproductive organs of other seed plants.
Geological setting
The fossils studied herein derive from several stratigraphic units ranging in age from Middle Triassic to Early Cretaceous that occur in various sedimentary basins through eastern Australia (Fig. 1) . The ages, depositional settings and palaeolatitudes of these units are briefly summarised below, since these are significant in understanding the biostratigraphic, palaeoenvironmental and palaeogeographic contexts of the bennettitalean remains.
Esk Formation
A single bennettitalean flower (QMF58844) from Paddys Gully, near the Coominya turnoff from the Brisbane Valley Highway near Esk, southeast Queensland (Fig. 1) , derives from the Esk Formation. This unit consists of interbedded conglomerates, sandstones and mudstones deposited in fluvial systems within the Esk Trough-a narrow, NNW-SSE trending, graben-like structure that has been interpreted as a relictual southerly extension of the Bowen Basin foreland basin complex (Campbell et al. 1999) . The Esk Formation partly overlies and partly interdigitates with the Bryden Beds and Neara Volcanics. The precise relationships of these units within much of the basin are uncertain owing to deeply weathered and discontinuous exposures. Spore-pollen assemblages indicate a Middle Triassic (Anisian-Ladinian: c. 246-229 Ma) age for the Esk Formation (Jersey 1975) , and this is consistent with a radiometric date of 236-242 ± 5 Ma from extrusive igneous rocks in the underlying and partly interdigitating Neara Volcanics (Webb 1982a) . The Esk Formation hosts diverse fossil leaf and axis assemblages incorporating sphenophytes, several families of ferns, Cycadales, Bennettitales, possible Pentoxylales, Umkomasiales, Matatiellales, Fraxinopsiales, Nataligmales, Ginkgoales and at least two families of conifers (Walkom 1924 (Walkom , 1928 Hill et al. 1965; Rigby 1977; Webb 1982b Webb , 1983 Webb , 2001 ). The Esk Formation was deposited at a palaeolatitude of c. 65°S (Veevers 2000) .
Blackstone Formation
A single putative bennettitalean 'flower' derives from the Denmark Hill Conservation Reserve in the suburbs of Ipswich, southeast Queensland (Fig. 1) . Fossils of plants and insects have been recovered from strata of the Blackstone Formation (upper part of the Ipswich Coal Measures) at Denmark Hill in the Ipswich Basin for more than 100 years. Numerous plant macrofossils have been documented from this site by Shirley (1898) , Walkom (1917) , Jones and de Jersey (1947) , Hill et al. (1965) and Pattemore and Rigby (2005) . The extensive fossil insect fauna was summarised by Jell (2004) . The geology of the site was described in detail by Dunstan (1916) who noted that the fossiliferous beds at Denmark Hill represent a lacustrine package between the Bluff and Aberdare coal seams in the upper part of the Blackstone Formation. Spore-pollen assemblages recovered from the Blackstone Formation by Jersey (1970) are referable to the Craterisporites rotundus Zone of Carnian to earliest Norian age (Helby et al. 1987) . The Blackstone Formation at Denmark Hill was deposited at a palaeolatitude of c. 60°S (Veevers 2000) .
Marburg Subgroup
Several bennettitalean 'flowers', receptacle fragments and isolated bracts from Durikai in southeast Queensland derive from the Marburg Subgroup exposed in a small outlier of the Clarence-Moreton Basin perched on mid-Palaeozoic strata of the Texas Block (Exon 1976 ; Fig. 1 Marburg Subgroup is divided into two units (the Gatton Sandstone and overlying Koukandowie Formation) in the eastern part of the basin Goscombe and Coxhead 1995) , these subdivisions are not recognisable along the basin's western margin. In that area, the Marburg Subgroup is represented by an undifferentiated succession of mature quartzose sandstones and shales deposited by mixed sinuosity streams flowing generally in a northerly direction (Cranfield et al. 1975; O'Brien and Wells 1994) . Hence, strata within the outlier at Durikai cannot be correlated precisely with formal subunits of the Marburg Subgroup in the eastern Clarence-Moreton Basin. The Durikai flora is heavily dominated by bennettitalean foliage, but the assemblage remains largely undescribed (Cook and Rozefelds 2015 Feistmantel 1890; Etheridge 1888 Etheridge , 1890 Walkom 1921; Hill et al. 1966; Turner et al. 2009; Gould 1968 ), a short overview of the flora (Gould 1971 ), a popular science summary (Rozefelds and Sobbe 1983) and the description of a putative Caytonia (but probable Coniopteris) fertile organ (Clifford 1998) . Beds rich in conifer, fern, caytonialean and umkomasialean leaves and invertebrate traces at Inverleigh (around 25 km from Durikai) near the western margin of the Clarence-Moreton Basin were tentatively assigned to the Gatton Sandstone by Jansson et al. (2008a, b) and McLoughlin et al. (2014) , but the fossil suite from those deposits differs markedly in composition from the nearby Durikai assemblage. The Marburg Subgroup has been assigned a Pliensbachian-Aalenian age based on spore-pollen assemblages (Burger 1994) . The Durikai deposits were laid down at a palaeolatitude of c. 60°S (Veevers 2000) .
Injune Creek Group
A specimen from Bymount Station, Eumamurrin, approximately 50 km south-southeast of Injune in the Surat Basin, southern Queensland ( Fig. 1) , derives from undifferentiated strata of the Injune Creek Group. However, exposures along strike immediately to the west of this site are more precisely assigned to the Birkhead Formation representing the middle subunit of the Injune Creek Group (Exon 1976) . The fossiliferous rocks at Eumamurrin are strongly silicified mudstones and occur within a succession of carbonaceous mudstones, siltstones, lithic sandstones and coals deposited within deltaic and low-energy, high-sinuosity, fluvial systems. Few palaeobotanical studies have targeted the Injune Creek Group (Hill et al. 1966; Gould 1968; Tidwell and Rozefelds 1990) , but the correlative Walloon Coal Measures in the eastern part of the Surat and adjoining Clarence-Moreton basins have yielded a rich and diverse flora (Gould 1974 (Gould , 1980 Rigby 1978; McLoughlin and Drinnan 1995) . Palynostratigraphic studies of the Injune Creek Group have assigned the unit an Aalenian-Bajocian (Middle Jurassic) age (Burger 1968) . The fossiliferous deposits at Eumamurrin accumulated at a palaeolatitude of 60°-70°S (Veevers 2000) .
Lees Sandstone
A single reproductive organ is available from the Lees Sandstone exposed 3.2 km northwest of Old Bauhinia Downs Homestead, in the Carpentaria Basin of the eastern Northern Territory (White 1961 ; Fig. 1 ). The Lees Sandstone represents the deposits of a braided fluvial system and consists mainly of massive to cross-bedded quartzose sandstones together with minor conglomerates and siltstones. The unit is typically assigned an Early Cretaceous (BerriasianHauterivian) age (Skwarko 1966) , although the basal beds of the unit may locally have been deposited in the Jurassic (Day et al. 1983) . The formation hosts a rich impression flora dominated by bennettitalean and conifer leaves (White 1961 (White , 1986 . Permineralized gymnosperm wood is sparsely distributed within the unit (White 1961) ; the sharply defined growth rings in the wood attesting to strongly seasonal conditions experienced at a palaeolatitude of c. 60°S (Veevers 2000) .
Styx Coal Measures
Two dispersed bracts of bennettitalean reproductive organs (GSQF1238, GSQF1242) are available in core samples from the Styx No. 4 Government stratigraphic bore ( Measures are poorly exposed but stratigraphic drilling indicates that they represent a succession of quartzose to lithic and locally pebbly sandstones, conglomerates, siltstones, carbonaceous shales and coals (Svenson and Taylor 1975) . Two major facies associations are represented within this unit: a shallow marine shelf to shoreline association and a delta plain association (Fielding 1992) . The discontinuous coals and associated plant-bearing shales occur within the latter facies association developed in the upper part of the unit. Only a single significant palaeobotanical study has been undertaken on the Styx Coal Measures thus far (Walkom 1919) . That study identified a flora containing several conifers and angiosperms, but a large proportion of the fossil flora including ferns, Bennettitales and Pentoxylales was never described. The unit has been assigned an Albian age based on palynostratigraphic studies . The Styx Coal Measures accumulated at palaeolatitudes of c. 60°-65°S (Veevers 2000) .
Systematic palaeontology
We describe the species of each genus in stratigraphic order to facilitate discussion of their biostratigraphical, palaeogeographical and palaeoecological significance. Numerous cladistic analyses over the past three decades have shown that Cycadales and Bennettitales do not have a close phylogenetic relationship (Crane 1985; Nixon et al. 1994; Hilton and Bateman 2006; Doyle 2006) . Cycads are typically positioned basal to all extant (and post-Carboniferous fossil) seed plants, whereas Bennettitales possess many derived characters, and in most analyses based on morphological data, these are found to cluster with Gnetales and angiosperms as part of an anthophyte clade. On this basis, we refrain from grouping Bennettitales and Cycadales within a single class and refer them respectively to Bennettitopsida and Cycadopsida following the systematic approach of Anderson et al. (2007 Nathorst (1909 Nathorst ( , 1913 . However, the original diagnosis provided by Carruthers (1870) included only characters of the foliage that had been assigned originally to Zamia/Zamites gigas (Lindley and Hutton 1835). Harris (1969) restricted the name W. gigas to the ovuliferous flowers while retaining the foliage under Zamites gigas. Should these organs be found in attachment, the naming of the whole plant may be a matter of debate based on the provisions of the Code (McNeill et al. 2012; see, e.g. Pott (2014a) for discussion concerning the erection of fossil taxa for whole-plant concepts). Nevertheless, Harris' (1969) The single specimen is an intact detached flower preserved as an impression in yellow mudstone. The perianth consists of at least one whorl of c. 20 bracts inserted on the remnants of a 4-mm-wide stalk. Bracts appear fused at the base but are free for most of their length and are tightly arranged to form an oblong cup 17 mm in diameter. Basal parts of the bracts are sharply arched to give the flower a markedly truncate base. Individual bracts are linear, c. 1 mm wide at the base, expanding to a maximum of 3 mm wide 1.5-2.0 mm above the base, and then tapering distally. The distal portions of all bracts are concealed but they reach at least 28 mm long. Bract margins are entire but the adaxial surfaces bear numerous, weak, short, longitudinal striae that appear to represent short hairs. Details of the ovuliferous receptacle are not available.
Remarks: This Middle Triassic specimen appears to be the oldest bennettitalean reproductive structure yet recorded. It differs from congeneric forms by the combination of its small gross size, narrow, mostly entire-margined bracts that are slightly expanded above the base, and the weakly striate (hirsute) adaxial surface of the bracts. At least one species of Pterophyllum occurs in the Esk Formation flora (Walkom 1924; Hill et al. 1965) and is potentially affiliated with this reproductive structure. The W. eskensis specimen is small compared with the few other known early (pre-Norian) bennettitalean (williamsoniacean) reproductive structures (Pott et al. 2010a ). The earliest reproductive structures elsewhere with similar dimensions to W. eskensis are reported from the Rhaetian-Hettangian (Nathorst 1880 (Nathorst , 1888 (Nathorst , 1902 . In particular, the specimen of Wielandiella angustifolia from the Hettangian Höör Sandstone of southern Sweden (Nathorst 1880 , Pott 2014a ) is strikingly similar in dimensions and outline to W. eskensis but has bracts with distinct transverse striae.
Williamsonia ipsvicensis sp. nov. (Fig. 2b) .
1917 Williamsonia sp.; Walkom, p. 14, pl. 4, fig. 5 .
Holotype: UQF16337 (only known specimen); here designated; here illustrated in Fig. 2b . Type locality, unit and age: Denmark Hill, Ipswich Basin, southeast Queensland (Fig. 1) ; Blackstone Formation; Carnian or earliest Norian. Diagnosis: Williamsonia with 10-15 oblanceolate, entiremargined bracts with dichotomous subparallel venation. Description: Open flower reaching 78 mm in diameter, composed of several tight helices or cycles of bracts (at least 11 bracts in total) radiating from a central disk 3 mm in diameter. Central receptacle not exposed. Bracts reaching 38 mm long, 11 mm wide, oblanceolate, with broad basal attachment, entire margins and rounded apex. Each bract has sparsely dichotomous subparallel venation (c. 10 veins across the mid-region).
Remarks: Walkom (1917) confidently referred this specimen to Williamsonia but did not assign it to a formal species. He also mentioned the presence of a second specimen from the same locality, but we were unable to locate this fossil. Few key morphological details are discernible from the available specimen, but we assign it to a new species based on its distinctive oblanceolate, entire-margined bracts, with broadly rounded apices and distinctive sub-parallel venation. It has superficial similarities to Williamsonia carruthersii (Seward) Seward, 1913 , but the latter differs by its lanceolate and more acutely pointed bract apices (Watson and Sincock 1992) . We hold some reservations about assignment of this specimen to Williamsonia, since details of a central receptacle are not preserved and the bracts bear certain similarities in shape and dichotomous venation to some leaves of Heidiphyllum elongatum (Retallack 1981) . Moreover, the phyllotaxy of the presumed perianth is ambiguous and, given that the bases of several bracts are at different levels in the rock, it is possible that the bracts are arranged in a tight helix rather than in whorls. Thus, it is conceivable that, alternatively, the specimen represents a shoot tip of H. elongatum preserved in plan view with a tight helix of radiating unexpanded (immature) leaves.
Williamsonia durikaiensis sp. nov. (Figs. 3a, e, j-l and 4a-f) Additional material: NRMS089785, QMF55936, QMF58026, QMF54909, QMF58028, QMF58029. Type locality, unit and age: Outcrop 300 m east of Durikai Siding, 35 km west of Warwick, southern Queensland (Fig. 1) ; undifferentiated Marburg Subgroup; PliensbachianAalenian. Etymology: After the type formation. Diagnosis: Small Williamsonia with an ovoid receptacle surrounded by an inner whorl of slender lanceolate bracts; outer whorls of bracts stout with possibly hirsute margins. Receptacle terminal on branch. Immature flowers with tightly appressed and laterally abutting slender bracts forming a pyriform sheath around receptacle. Description: The species is represented by rather poorly preserved impressions of ovuliferous receptacle fragments, a whole detached ovuliferous organ, two immature flowers and an ovuliferous organ attached terminally to a bractbearing axis. The flowers are 12-30 mm long and 7.5-35 mm wide; gynoecium reaching 25 mm wide. In QMF54909 (Fig. 3e) , lanceolate bracts up to 18 mm long emerge from the base of the receptacle and are tightly appressed to the gynoecium surface and extend at least to its apex. This specimen may represent an immature or unexpanded flower. In the largest specimen (QMF55954: Fig. 3a) , the flanking bracts are splayed at about 60°to the receptacle axis. Several tight helices of robust bracts emerge from the axis immediately below the receptacle in this specimen but their morphologies are difficult to resolve owing to poor preservation. The axes supporting the receptacles are 4.5-9.0 mm thick. Two small specimens (QMF58028 and QMF58029: Fig. 3k ) represent immature (unopened) flowers with tightly appressed and laterally contiguous, slender, unornamented or sparsely hirsute bracts that extend above the receptacle to form a tube-like apex of a pyriform sheath. Cross-sections of receptacles reveal tightly bound slender prismatic ovules and interseminal scales (Fig. 3j) . Impressions of the receptacle surface reveal polygonal apices of interseminal scales surrounding ovule micropyles (Figs. 3l  and 4a ). Micropyles are surrounded by four to seven interseminal scales (generally six) that are typically triangular in cross section with a truncate or slightly pyramidal apex (Fig. 4b-d) . Interseminal scales have inflated epidermal cells giving the apices a rugose texture (Fig. 4f) . Micropyles emerge as short tubes slightly above the level of the adjacent interseminal scale apices (Fig. 4e, f) .
Remarks: Although several specimens are available, the indifferent preservational details of the receptacle and perianth bracts impede close comparisons with other taxa. The distribution of micropylar tubes suggests that ovules were slightly more densely spaced in W. durikaiensis compared with Williamsonia harrisiana from the Early Cretaceous of India (Bose 1968) . The density of ovules and extension of the micropylar tubes is more or less the same as in European Williamsonia and Wielandiella specimens illustrated by Herendeen (2009) and Pott (2014a) , but there are differences between all forms in the shape and elevation of the interseminal scale apices. Williamsonia pusilla Halle, 1913 from Lower Jurassic strata of Hope Bay, Antarctica (Rees and Cleal 2004) , is represented only by the cross section of a gynoecium. The gynoecium width is markedly smaller (10 mm wide) than that of mature W. durikaiensis (18-25 mm wide) and there are few additional characters that can be compared (Gee 1989) .
The co-preservation of W. durikaiensis flowers and detached Cycadolepis ferrugineus sp. nov. bracts at Durikai suggests that these may belong to the same plant. Bennettitalean foliage is extremely abundant at Durikai, constituting over 75% of the assemblage, but it has not yet been described in detail. At least two morphotypes attributable to Otozamites are present (Feistmantel 1890; Etheridge 1888 Etheridge , 1890 Walkom 1921; Gould 1971 ), but one (illustrated by Hill et al. 1966 pl. J VI.2-4 as Otozamites feistmanteli) vastly outnumbers the other and is most probably affiliated with W. durikaiensis.
Williamsonia sp. (Fig. 5) Material: Two unregistered specimens (Australian Museum collections). Locality, unit and age: Lune River gemfield, Tasmania; unnamed package of silicified siltstones, volcanolithic sandstones, mudstones and silicified tuff below andesitic-basaltic volcanics; probably Toarcian based on detrital zircon populations from the sandstones (Bromfield et al. 2007) . Remarks: Two permineralized ovuliferous organs (one external surface figured here: Fig. 5 ) with well-preserved anatomical details of the axis, receptacle, seeds and interseminal scales are known from this deposit. One of these exquisitely preserved specimens (Fig. 5 ) was illustrated in a popular science publication but never formally described (White 1991, pp. 105-106) . Apart from their gross dimensions, the Tasmanian permineralized specimens cannot be readily compared with the other species described here, because the former lack details of the perianth. Comprehensive descriptions of these specimens with excellent anatomical preservation will be the topic of a separate paper.
Williamsonia rugosa sp. nov. (Fig. 6a-c (Fig. 1) ; undifferentiated Injune Creek Group; Aalenian-Bajocian. Etymology: Latin: rugosus-wrinkled; after the coarsely wrinkled texture of the abaxial surface of the perianth bracts. Diagnosis: Small Williamsonia incorporating several helices of longitudinally arched, slender, linear bracts with coarse transverse wrinkles, attached by their broad base and tapering consistently to acute apex. Description: The single available specimen is an intact detached flower preserved as a silica replacement in silicified volcanigenic siltstone (Fig. 6a) . The flower is 25 mm long and 21 mm wide at its greatest expansion. The perianth consists of at least two tight whorls of bracts, each whorl incorporating an estimated 12 bracts (only half the perianth is exposed on the slab surface). The stalk attachment is concealed but each bract appears to be free along its lateral margins from its broad (up to 2.7 mm wide) base. Bracts taper consistently from the base to their acutely pointed apex. Bracts are longitudinally arched to form a strongly convex abaxial surface (presumably grooved or concave on the adaxial surface). Bracts reach 25 mm long, those in the outermost ring appear to be slightly shorter (c. 16 mm long). The bract margins are entire. The bract abaxial surface bears numerous transverse wrinkles and striae (Fig. 6b) . Ridges of the wrinkles are up to 0.3 mm wide. Small irregular knobs or bracteoles are positioned around the base of the bracts (Fig. 6c) . Details of the receptacle are not available.
Remarks: This species is primarily differentiated from others in the genus by its small size and distinctive coarse transversely wrinkled bracts. The basal knob-like features may represent broken bract bases or short bracteoles projecting from the supporting axis. An undescribed Otozamites species is abundantly co-preserved at the type locality (Ptilophyllum pecten of Hill et al. (1966) , pl. J V, figs. 5-7; McLoughlin et al. 2015, fig. 4h ) and is the probable foliar affiliate of this reproductive structure. Among the several ovuliferous Williamsonia-like flowers described by from the Callovian-Oxfordian of northeastern China are some that strongly resemble W. rugosa in their dimensions and arched bracts covered with transverse wrinkles. Those Chinese specimens have been interpreted to belong to the plant producing hirsute Anomozamites-type foliage and attributed to Wielandiella villosa. No such foliage has been identified in the Middle Jurassic floras of eastern Australia. Williamsonia gracilis sp. nov. (Fig. 7a-d) .
Holotype: GA F21889; here designated; here illustrated in Fig. 7a-d . Type locality, unit and age: Locality TT32 of White (1961) , 3.2 km northwest of old Bauhinia Downs Homestead, Northern Territory (Fig. 1) ; Lees Sandstone; BerriasianHauterivian. Etymology: Latin: gracilis-slender; after the narrow, gracile nature of the bracts. Diagnosis: Moderate-sized, globose Williamsonia with uniformly narrow, linear, entire-margined, basally fused bracts. Description: The single available specimen is an intact detached flower preserved as a closed perianth impression enveloping a core of sandy sediment. The perianth consists of multiple whorls of bracts evidenced by several layers of fused discs surrounding the 9-mm-wide cavity left by the decay of the supporting stalk and receptacle (Fig. 7a, b) . Only the impressions of the outer whorl of bracts are clearly evident (Fig. 7c, d ). This ring incorporates at least 20 bracts that are consistently arched along their length to form a globose flower. The entire structure is 47 mm in transverse diameter and 46 mm in longitudinal diameter. The bracts appear to be fused basally into a narrow disc forming what Nathorst (1902) identified as the 'palisade ring' (but see Pott 2014a for the use of this term). Otherwise, the bracts are mostly free and maintain a constant width of 2.5 mm. Apices of the bracts are weakly pointed. The margins are entire, and the adaxial surface of each bract is flat and smooth. Bracts reach c. 50 mm long (following their curvature).
Remarks: This species is differentiated by its moderate size and large number of unornamented bracts of consistent width in the outermost whorl. It differs from most European and Indian Mesozoic species by its very slender bracts (cf. Watson and Sincock 1992; Bose 1968; Sharma 1977) . Williamsonia latecostata Semaka emend. Popa, 2014 , from the Sinemurian of Romania, approaches W. gracilis in bract width but the former is typically a much larger (around twice as large) reproductive structure. Williamsonia sp. from the Upper Jurassic Latady Formation, Graham Land, Antarctica (Riley et al. 1997) , is of similar dimensions to W. gracilis but has bracts that are more tapered throughout their length.
Williamsonia gracilis is co-preserved with abundant leaves referable to Otozamites sp. cf. O. bengalensis, a leaf form widely reported from northern and Western Australia (White 1961; McLoughlin 1996; McLoughlin and Hill 1996; McLoughlin and Pott 2009; ) and similar to forms from the Early Cretaceous of India (Bose and Kasat 1972) . The absence of any other bennettitalean foliage in the strata at the Genus Cycadolepis Saporta, 1875 emend. Harris, 1953 Type species: Non designatus (Farr and Zijlstra 1996+; putatively Cycadolepis villosa Saporta, 1875; Jurassic; Ain, France. Remarks: The type species of Cycadolepis is equivocal. Harris (1953 Harris ( , 1969 regarded C. villosa, the first species described by Saporta (1875) , as the type, but restricted the generic diagnosis to include only scale leaves with bennettitalean stomatal morphology. However, this makes the type species technically problematic because epidermal details are not available for Saporta's (1875) material, and morphologically similar scale leaves with cycadalean-type polycytic stomata are assigned to Deltolepis (Harris 1969) .
Cycadolepis ferrugineus sp. nov. (Fig. 3b-d , f-h).
Holotype: QMF56037; here designated; here figured in Fig. 2h . Additional material: QMF12698, QMF55916, QMF58027, NRM S081428. Etymology: Latin ferrugineus-the colour of iron rust. Locality, unit and age: From outcrop 300 m east of Durikai Siding, 35 km west of Warwick, southern Queensland (Fig. 1) ; undifferentiated Marburg Subgroup; PliensbachianAalenian. Description: The impressions of several lanceolate bracts are available. The bracts are 36-60 mm long with a central lamina 4.0-8.5 mm wide, the widest point being at or just above the base. A fringe of densely spaced, 6-9 mm long, <1.2 mm wide, linear to falcate, apically inclined spines or hairs line the lamina margins of most specimens (Fig. 3d, f-h ). The hairs are acutely (5°-40°) inserted on the lamina margin and are either straight or slightly falcate. Each hair appears to have a fine median groove or vein. A few bracts are markedly more slender and bear fewer marginal hairs (Fig. 3b, c) and may derive from the inner whorl of a perianth. The bract base is truncate and the apex acutely pointed. The lamina bears weak longitudinal striae and is either flat or gently concave about a longitudinal axis. Remarks: This bract type is co-preserved with W. durikaiensis in the Marburg Subgroup, and it is possible that they belong to the same parent plant, although poor-preservation does not allow clear recognition of hairs on the perianth parts of the latter. As Harris (1944 Harris ( , 1969 noted, Cycadolepistype bracts commonly form the caducous involucrum of bennettitalean ovuliferous flowers, and the hairs or spines are borne only on the outer scales, whereas the inner scales of the same flower were glabrous. No microsporangia are evident on these bracts, so it is likely that they represent protective structures forming the outer perianth whorls of the Williamsonia flower and may have detached with floral maturity. Cycadolepis bracts from roughly coeval strata at Hope and Botany bays on the Antarctic Peninsula differ in being generally smaller (<38 mm long) and triangular (Halle 1913; Gee 1989) or ovate (Rees and Cleal 2004) .
Cycadolepis sp. (Fig. 3i) .
Material: GSQF1238, GSQF1242. Locality, unit and age: Styx No. 4 Government stratigraphic bore (50.29 m depth), Styx Basin, east-central Queensland (Fig. 1) ; Styx Coal Measures; late Early Cretaceous (Albian). Description: The two available bracts of this taxon have an elongate triangular lamina, 31 mm long, 6.5 mm wide at the base, fringed by dense marginal falcate hairs up to 2.8 mm long and <0.4 mm wide (Fig. 3i) . Both the bract base and apex are slightly damaged but appear to be truncate and acutely pointed, respectively. A weakly defined keel is developed along the centre of the lamina, which is otherwise ornamented with fine longitudinal striae, and is gently concave about a longitudinal axis. Remarks: This morphotype is differentiated from C. ferrugineus and other species by its finer marginal hairs, a weakly defined keel and more distinct longitudinal striae on the lamina. Apart from the fine surficial striae, the relatively even surface and thin remnants of coalified tissue on Cycadolepis sp. contrast with the rather rough surface texture and thick mineral infillings of the bract mesophyll on some specimens of C. ferrugineus. Fredlindia moretonensis Shirley, 1898 comb. nov. (Fig. 8a-j Diagnosis: Gynoecium more-or-less bilaterally symmetrical, circular, elliptical or obovate, borne on a stout to slender pedicel. Ovules and interseminal scales form a marginal rim around receptacle and possibly covering abaxial surface. Interseminal scales rod-shaped, prismatic; ovules c. four to five times the width of interseminal scales but otherwise similar in shape. Description: All specimens represent isolated bilaterally symmetrical, dorsoventrally flattened, circular, elliptical or obovate gynoecia retaining ovules and interseminal scales only around the margins of the receptacle. The gynoecia are 9-20 mm long × 8-14 mm wide and are borne on a pedicel up to 11 mm long and 4 mm wide. The gynoecium was apparently thick (fleshy or leathery) and has been replaced in most specimens by a clay cast. Where the cast is removed, the adaxial surface is scabrate (Fig. 8a, b, d , e, h). The abaxial surface bears numerous fine (<0.2 mm diameter) pits (Fig. 8c , f, j) that probably represent detachment points of ovules and interseminal scales. Ovules and interseminal scales are densely packed into rod-like prisms 3-5 mm long; ovules are somewhat swollen, reaching 1 mm wide, whereas interseminal scales are typically <0.2 mm wide (Fig. 8g, i, j) . Remarks: Nine detached gynoecia are available. In each case, the ovules and interseminal scales are retained only around the gynoecium margin, and this flange might have acted to promote wind dispersal of those seeds retained on the gynoecium. This wing-like arrangement of marginal ovules and interseminal scales probably led previous workers to interpret these organs as equisetalean strobilar scars (Shirley 1898), strobili (Jones and de Jersey 1947) or nodal diaphragms (Hill et al. 1965; Cook and Rozefelds 2015) . Detachment scars indicate that ovules and interseminal scales were originally present over the entire abaxial surface-a condition consistent with the only other known species in the genus, F. fontifructus, from the Carnian of the Karoo Basin, South
Africa (Anderson and Anderson 2003) . The new species differs from the type species in having a lesser length/width ratio for the gynoecium, in many cases giving F. moretonensis a near-circular as opposed to oblanceolate shape. Anderson and Anderson (2003) interpreted all of the rod-like structures attached to the receptacle as slender ovules. However, we note significant variation in the widths of elements comprising the marginal wing-like structure and interpret these to be thick ovules separated by slender interseminal scales. This interpretation is consistent with the architecture of other bennettitopsid ovuliferous organs (Pott 2016) . Given that most of the illustrated gynoecia of F. fontifructus are retained on a whorled, loosely cone-like structure, the ovules may be undeveloped and difficult to differentiate from interseminal scales in the holotype of that species. We note, however (Anderson and Anderson (2003) , pl. 130, fig. 3 , pl. 131, fig.  4 ), that some of the detached South African gynoecia show marked undulations around the margin that might represent alternating ovule and interseminal scale packages. Apart from architectural similarities in the gynoecia, Anderson and Anderson (2003) considered Fredlindia to be of bennettitopsid alliance based on association of the ovuliferous organs with dispersed Halleyoctenis foliage, Weltrichia microsporangiate organs and Cycadolepis bracts in the Upper Triassic Molteno Formation, South Africa. Halleoctenis leaves are also known from the Middle to Late Triassic of the Esk Trough, Nymboida Coal Measures and Ipswich Basin in eastern Australia, strengthening the association between this foliage genus and Fredlindia (Anderson and Anderson 2003) . Fredlindia also approaches Westersheimia pramelreuthensis from the Carnian of Lunz in its architecture (Kräusel 1949; Pott 2016 ) but these organs are distinguished by three main characters: (1) the gynoecia of F. fontifructus are arranged in whorls around a central axis, whereas in W. pramelreuthensis, they are opposite (pinnate) and there is no indication that they were arranged spirally; (2) gynoecia of W. pramelreuthensis appear to be completely covered with ovules and interseminal scales (radial symmetry), whereas those of F. fontifructus are interpreted to have a naked adaxial surface (bifacial organisation); (3) no interseminal scales were reported to be present in the original description of Fredlindia, whereas they are interspersed among the ovuliferous scales in Westersheimia. The last of these distinctions is questionable given the interpreted architecture of F. moretonensis herein.
Discussion
The oldest Bennettitales A survey of Williamsonia species by Popa (2014) found no examples older than the Late Triassic globally. The AnisianLadinian age attributed to W. eskensis in our study makes this the oldest reproductive structure of Bennettitales yet discovered, and among the oldest fossils that can be confidently attributed to this order. Slightly younger bennettitaleans recognised by diagnostic cuticular characters, reproductive structures or wood anatomy are known from the Molteno Formation, South Africa (Carnian: Anderson 1989, 2003) , the Chinle Formation of New Mexico (Carnian : Ash 1968) , the Santa Clara Formation of Mexico (Carnian: Weber 2008) , the Lunz Formation, Austria (Carnian: Pott et al. 2007a, b) , the De Geerdalen Formation, Svalbard (Carnian-Norian: Strullu-Derrien et al. 2012; Pott 2014b) , the Pekin Formation, eastern USA (Carnian: Pott and Axsmith 2015) , and the Heiberg Formation, Arctic Canada, (Norian: Vavrek et al. 2008) . Wachtler and Van Konijnenburg-van Cittert (2000) reported a leaf of Pterophyllum filicoides from the Ladinian of the Dolomites (Italy), which can be assigned to Bennettitales with considerable confidence despite the lack of any epidermal anatomy.
The widely separated occurrences of these earliest unequivocal bennettitalean fossils have long suggested that the group must have had its origins significantly earlier to have achieved such a broad geographic distribution by the Late Triassic (Pott 2014b) . Clearly, the group underwent an abrupt radiation by the Late Triassic with leaves and reproductive structures of that age referable to multiple genera (Taylor et al. 2009 ). Various slightly older (Late Permian and Early Triassic) floras include bennettitalean-like foliage (e.g. Sze 1936; Sandberger 1864; Kawasaki 1934; Renault 1890) but, in the absence of diagnostic cuticular characters, these cannot be differentiated confidently from cycadalean leaves (Pott et al. 2010b) .
Our survey of Australian bennettitopsid reproductive structures indicates that they have a scattered stratigraphic distribution and low abundance extending from the Middle Triassic to mid-Cretaceous, with sparse putative foliage remains persisting in isolated deposits of southeastern Gondwana until the Oligocene (Fig. 9) . It is likely that the group as a whole originated in the Early Triassic-a time of pronounced global warmth, widespread aridity, and no development of peat-forming communities (Retallack et al. 1996) . Rich plant fossil assemblages are sparse for the Early Triassic; hence, the origins of the bennettopsids may be masked by poor fossil representation of their reproductive and foliar organs during the early part of their range.
Where have all the bennettitopsid 'flowers' gone?
Among the many thousands of Australian Mesozoic plant fossils curated in national and international repositories, we were able to recognise only about 20 bennettitopsid reproductive structures of which about half belong to one species (Fredlindia moretonensis). These derive from a geochronological range of the order spanning about 210 million years (Fig. 9) . Moreover, given the particularly high abundance of bennettitopsid foliage in many Australia mid-Mesozoic middle-to high-latitude deposits , the question arises as to why the reproductive organs (either complete or disarticulated) are so scarce.
One potential explanation is that many of the deposits containing matted foliage represent autumnal leaf banks (McLoughlin et al. 2002; Pott and McLoughlin 2014; Pott 2016) , and these might exclude the reproductive organs if the latter matured and were shed in a different season. However, the absence of reproductive organs even in intervening beds seems to negate this possibility. Further, the matted foliage and reproductive organs of other late Palaeozoic and Mesozoic austral high-latitude seed ferns are typically copreserved on individual bedding planes (Holmes 1982 (Holmes , 1995 Chambers 1985, 1986; McLoughlin 1990 ) and bennettitalean foliage and reproductive organs elsewhere are typically preserved together (Nathorst 1902; Harris 1932 Harris , 1969 Watson and Sincock 1992; Pott and McLoughlin 2009; Pott 2014a Pott , 2016 .
A second possibility is that, although the leaves of bennettitaleans were regularly or seasonally shed, the majority of reproductive structures may have been retained on, and decayed, while still attached to the parent plant (Nathorst 1902; Pott and McLoughlin 2014) . We cannot discount this possibility, especially since some Wielandiella angustifolia from southern Sweden retain the husked receptacle in attachment to the stem (Pott 2014a) . Nevertheless, we note that Cycadolepis bracts (representing components of the bennettitalean perianth) were readily detached and are widely represented in Eurasian Mesozoic assemblages (Harris 1969; Watson and Sincock 1992; Pott et al. 2010a ), but are scarce in Australian floras.
We have very little data on the feeding preferences of large terrestrial herbivores of the Mesozoic, except that by the latter part of that era, dinosaurs were morphologically and ecologically diverse (Barrett and Willis 2001; Sander et al. 2010) ; hence, some probably fed on shrub-sized bennettitaleans (Pott and McLoughlin 2014) . This is supported by the identification of Ptilophyllum and Williamsonia cuticle fragments in some dinosaur coprolites (Hill 1976) . However, it is unlikely that herbivory could account for the very low recovery rates of high-latitude bennettitalean reproductive organ fossils over the broad extent of the Australian sedimentary basins. Fig. 8 Fredlindia moretonensis Shirley, 1898 comb. nov., casts and partial casts of gynoecia retaining a rim of prismatic ovules and interseminal scales. a, i, j UQF64190. b QMF2506. c QMF543. d QMF2503. e, h QMF6012. f, g AMF43500, thickened structures interpreted to be ovules are arrowed); all specimens from Denmark Hill, Ipswich Basin, southeast Queensland; Blackstone Formation (Carnian or earliest Norian). Scale bars for a-f = 10 mm; d-j = 1 mm A final alternative is simply that high-latitude bennettitaleans did not produce large numbers of flowers. The small number of specimens and taxa established for bennettitalean reproductive structures from the entire Australian Mesozoic succession contrasts with at least 18 taxa from the Wealden (Early Cretaceous) of the UK (Watson and Sincock 1992) , no less than 13 Williamsonia species from the Middle Jurassic to Early Cretaceous of India (Rai et al. 2016) , and 6-9 taxa represented by numerous specimens from the Lunz flora (Late Triassic) of Austria (Pott et al. 2008 and references therein); all of these European and Tethyan-margin floras developed at low to middle palaeo-latitudes. Similar to the case in Australia, relatively high-palaeolatitude fossil assemblages of Argentina are rich in bennettitalean foliage but appear to contain only about four species of bennettitalean ovuliferous organs (Williamsonia species) from the entire Mesozoic (Cúneo et al. 2010) .
A further notable aspect of our survey was the complete absence of polleniferous reproductive organs. A survey of around 30,000 slabs from the Upper Triassic Molteno Formation in South Africa similarly found only a very small number of polleniferous organs assigned to Weltrichia and Leguminanthus (Anderson and Anderson 2003) . The dearth of these organs might relate to the same palaeobiological or taphonomic factors that produced the scarcity of ovuliferous organs. Labandeira et al. (2007) argued that many bennettitaleans were likely pollinated by arthropods. In modern floras, there is a general trend in pollination strategies towards decreased entomophily and increased anemophily at higher latitudes (Culley et al. 2002; Kühn et al. 2006) . If this was also the case in the Mesozoic, then the entomophilous pollination strategy of Bennettitales may have been less effective at high southern latitudes (60°-70°S) then occupied by Australia. At these latitudes, low-diversity forests of open structure experiencing short growth seasons may have been the norm through most of the Mesozoic (Creber and Chaloner 1985; Hill and Scriven 1995) . Williamsoniaceae (of which all Australian Bennettitales appear to be members) had slender, regularly branched, divaricating stems (Watson and Sincock 1992; Pott and McLoughlin 2014; in contrast to the stocky, cycad-like, monopodial architecture of North American and Eurasian Cycadeoidaceae axes (Wieland 1906; Delevoryas and Hope 1976) . If the austral high-latitude Williamsoniaceae were slender scrambling or even creeping plants forming dense thickets for mutual support of the stems (as in some ecologically equivalent angiosperms, e.g. Lantana spp., Rubus spp., some Banksia spp., Betula nana and Salix repens; Khoshoo and Marked decline of gymnosperm diversity in Australia; bennettitaleans very sparse (Helby et al. 1987; End-Cretaceous mass extinction or mass vegetation dieback in Southern Hemisphere particularly affecting gymnosperms (Vajda et al. 2001; Vajda & McLoughlin 2004) Youngest putative bennettitalean leaves Bennettitalean foliage becomes dominant in several assemblages Widespread co-dominance of bennettitaleans, pentoxylaleans, and araucariacean, podocarpacean and cheirolepidiacean conifers Fig. 9 Summary of the main patterns of bennettitopsid abundance and diversity through the Mesozoic and Paleogene of Australia together with the chronostratigraphic distributions of the taxa described in this study. Chronostratigraphy after Cohen et al. (2013 Cohen et al. ( updated 2016 ; other data after Helby et al. (1987) ; ; Hill et al. (1999) ; Vajda et al. (2001) ; Vajda and McLoughlin (2004); McLoughlin (2011 ). Mahal 1967 Suzuki 1987) , then asexual regeneration via the production of adventitious roots and suckering may have been an effective reproductive strategy in this group. Extant members of Proteaceae, a group previously employed by Pott and McLoughlin (2014) as a modern structural and ecological analogue of Williamsoniaceae, reproduce clonally by root suckers after fire (He et al. 2011) or by production of adventitious roots from stems in situations of waterlogging (Poot et al. 2008) . Pentoxylales, a Mesozoic group allied to Bennettitales in some phylogenetic analyses (Crane 1985) , has also been interpreted to have had a bramble-like habit based on its liana-like anatomy, preservational settings and palaeocommunity associatons (Howe and Cantrill 2001) . Clonal reproduction may have been a beneficial strategy for growth in fire-prone, seasonally waterlogged mire settings typically favoured by williamsoniacean bennettitaleans and pentoxylaleans. We qualify this suggestion by noting that direct evidence of suckering or adventitious roots in Australian bennettitaleans or pentoxylaleans has not yet been found, albeit that few fossils of these groups have been preserved in growth position.
Preservational states
A major drawback to the study of Australian bennettitalean fossils and extraction of phylogenetically informative characters is the scarcity of remains retaining organic matter. This is a consequence of the subdued relief, geological stability of the continent and the deep tropical to sub-tropical weathering profiles developed across much of the landscape through the Cenozoic (Gale 1992) . Several Early Cretaceous assemblages from Victoria host very abundant bennettitalean leaves with organic preservation and these have yielded fine cuticular details (Douglas 1969; McLoughlin et al. 2002) . However, bennettitalean reproductive organs remain unknown from these assemblages. A few Late Triassic and Middle Jurassic assemblages from coal-bearing sequences in Queensland (Ipswich and Walloon Coal Measures and their equivalents) offer some potential for cuticular investigations (Walkom 1917; Gould 1975 Gould , 1980 ), but few reproductive remains have been recovered from these units so far. Other coal-bearing formations (e.g. the Nymboida and Burrum Coal Measures) of coastal eastern Australia have experienced excessive thermal maturation (Russell 1994) , and do not yield good quality plant cuticles (Walkom 1919; Holmes 2003; Holmes and Anderson 2008) . One small assemblage of permineralized bennettitalean organs from Lower Jurassic deposits at Lune River, Tasmania (White 1991) , offers future scope for analysis of axis and reproductive organ anatomical characters. The extensive occurrences of permineralized pentoxylalean, conifer, fern and angiosperm vegetative and reproductive remains in Middle Jurassic and Upper Cretaceous strata of the Surat and Eromanga basins, Queensland (Peters and Christophel 1978; White 1986; Tidwell and Clifford 1995; Tidwell and Rozefelds 1990; Dettmann et al. 2009 Dettmann et al. , 2012 offer some potential for future discoveries of anatomically preserved bennettitalean organs but such organs have not been identified to date.
Provincialism
Given that cuticular details are unknown for most Australian bennettitalean leaves and reproductive organs, identifications have relied predominantly on comparison of gross morphological features and venation characters (Etheridge 1888; Walkom 1917 Walkom , 1921 Jones and de Jersey 1947; Douglas 1969; Gould 1975 , McLoughlin 1996 McLoughlin et al. 2000 McLoughlin et al. , 2011 Holmes and Anderson 2008; McLoughlin and Pott 2009; . The conservative pinnate architecture of bennettitalean leaves has meant that many Australian specimens have been assigned by previous workers to species based on type material from India or even Europe. Meyen (1987) noted a decreased level of provincialism in the global floras in the mid-Mesozoic when Pangea was at its maximum extent. Near global distributions are known among some Mesozoic spore/pollen morphotypes (e.g. Classopollis spp.; Srivastava 1976 ) and, in the modern world, a small number of extant plant genera (e.g. Ranunculus Emadzade et al. 2011 ) reach near cosmopolitan distributions even overcoming significant disjunctions between landmasses. However, such worldwide ranges of advanced seed plants would not be expected at species level, especially following initiation of the breakup of Pangaea (in the latest Triassic to Early Jurassic: Vaughan and Storey 2007) and the resulting increased likelihood of allopatric speciation. Although belonging to widespread fossil-genera, the bennettitalean reproductive structures described from Australia are assigned to new species and differ from congeneric forms elsewhere in Gondwana and Laurasia by their gross size, bract dimensions and bract ornamentation. This supports the concept of significant latitudinally defined species-level provincialism in the mid-Mesozoic floras of Gondwana based on studies of some other plant groups Srivastava 1994) and warrants reappraisal of the identities of the many Australian fossil leaves assigned in early palaeobotanical studies to species established in Laurasia.
Conclusions
Bennettitopsids were major components of many Mesozoic floras globally. In Australia, they are widely and abundantly represented from Middle Triassic to mid-Cretaceous strata, mostly by leaf impression fossils. The Late Cretaceous saw a marked decline of the group globally, with the putative latest representatives persisting in high-latitude refugia of eastern Australia until the Oligocene. Despite rich collections of bennettitalean foliage, only six distinct forms of Williamsonia represented by very few specimens were recognised from extensive fieldwork and a survey of many thousands of Australian Mesozoic plant fossils held in institutional repositories. Together with only a single species of Fredlindia and a few dispersed Cycadolepis bracts, we infer that this very low representation of Williamsonia is unlikely to be a simple sampling bias and that bennettitopsids occupying high-latitude austral regions may have adopted supplementary (vegetative) reproductive strategies to maintain their populations and/or retained their reproductive structures on the host plant until decay. The thin-stalked, divaricate-branching, shrubby or scrambling nature of most williamsoniacean bennettites, and their occupation of densely vegetated mire environments in many areas, may have facilitated adventitious root production from substrate-touching branches and/or suckering from shallow root systems. In turn, these strategies may have had ecological benefits in dealing with environmental variables, such as fire and waterlogging in densely vegetated floodplain and mire settings.
